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Abstract  
 

Dendritic cells (DCs) are the most potent professional antigen-

presenting cells (APCs) and inducers of T cell-mediated 

immunity. Although DCs play a central role in promoting 

adaptive immune responses against growing tumors, they also 

establish and maintain peripheral tolerance. DC activity depends 

on the method of induction and/or the presence of 

immunosuppressive agents. Tolerogenic dendritic cells (tDCs) 

induce immune tolerance by activating CD4
+
CD25

+
Foxp3

+
 

regulatory T (Treg) cells and/or by producing cytokines that 

inhibit T cell activation. These findings suggest that tDCs may 

be an effective treatment for autoimmune diseases, inflammatory 

diseases, and infertility. 
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Abbreviations  
 

DCs- Dendritic Cells; APCs- Antigen-Presenting Cells; ImDCs- 

Immature DCs; TDCs- Tolerogenic DCs; MDCs- Fully-Matured 

DCs; Treg cells- Regulatory T cells; RA- Rheumatoid Arthritis; 

EAM- Experimental Autoimmune Myocarditis; AMI- Acute 

Myocardial Infarction; IDO- Indoleamine 2,3-dioxygenase; IL- 

Interleukin; Th1 cells- Type 1 T Helper Cells; Th2 cells- Type 2 

T Helper T Cells; Th17 cells- Type 17 T Helper T Cells; CTL- 

Cytotoxic T Lymphocyte; PMN- Polymorphonuclear; NK cells- 

Natural Killer Cells; TNF-α- Tumor Necrosis Factor- α; TGF-β- 

Transforming Growth Factor-β; GM-CSF- Granulocyte-

Macrophage Colony-Stimulating Factor; PPAR-γ- Peroxisome 

Proliferator-Activated Receptor-γ; NF-Κb- Nuclear Factor 

Kappa Light Chain Enhancer of Activated B Cells; Erk1/2- 

Extracellular-Signal-Regulated Kinase; PD-1- Programmed 

Death Receptor-1; CTLA-4- Cytotoxic T Lymphocyte-

Associated Protein-4 

 

Introduction  
 

Dendritic cells (DCs) are the most potent professional antigen-

presenting cells (APCs) and are responsible for maintaining 

immune homeostasis [1,2]. In addition to inducing innate 

immune responses, DCs play a central role in inducing T cell-

mediated immune responses. Immature DCs (imDCs) take up 

antigens and present them to naïve T cells, a process that induces 

DC maturation; by contrast, fully mature DCs (mDCs) promote 

adaptive immune responses by inducing effector T cells [3]. 

Active immunotherapy with mDCs affects adaptive immune 

responses to growing tumors, making mDCs an alternative to 

conventional cancer treatments [4]. In addition, the potency of 

DC-based immunotherapy can be increased by combining DCs 

with immune checkpoint inhibitors [5–7]. 

 

DCs are also responsible for establishing and maintaining 

peripheral immune tolerance. The intestinal immune system 

maintains a balance between responses to harmless bacteria and 

food antigens and immunity against pathogens [8–10]. Intestinal 

CD103
+
 DCs play a central role in regulating mucosal immunity 
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via induction of CD4
+
CD25

+
Foxp3

+ 
regulatory T (Treg) cells, 

which in turn inhibit cytokine production and reduce the 

functional activity of effector T cells [11,12]. 

 

Tolerogenic DCs (tDCs) show anti-inflammatory and 

immunosuppressive activity against various autoimmune 

diseases, including rheumatoid arthritis (RA) [13], experimental 

autoimmune myocarditis (EAM) [14], and acute myocardial 

infarction (AMI) [15]. Studies in animal models show that tDCs 

loaded with specific antigens ameliorate inflammation by 

activating Treg cells and/or by suppressing effector T cells [13–

15]. Based on previous studies, various clinical trials have been 

conducted in patients with RA, type 1 diabetes, multiple 

sclerosis, and Crohn’s disease [16]. To date, however, few 

markers that distinguish tDCs from mDCs have been identified. 

There are many specific candidate markers of tDCs. Co-

stimulatory molecules such as CD80 and CD86 are regarded as 

representative markers of tDCs. Indeed, expression of co-

stimulatory molecules by tDCs and mDCs has been analyzed 

and compared; the results suggest that these molecules are not 

specific markers that can be evaluated independently. Moreover, 

cytokines produced by tDCs differ from those produced by 

mDCs. Anti-inflammatory cytokines, such as interleukin (IL)-4 

and IL-10, are considered to be markers of tDCs, but these 

molecules are difficult to detect. Some biomolecules can be 

regarded as markers of tDCs. For example, high amounts of 

indoleamine 2,3-dioxygenase (IDO), an enzyme involved in 

tryptophan catabolism, are produced by CD103
+
 DCs in the 

mouse intestine [17]. Additionally, expression of complement 

subunit C1q may be a distinctive molecular marker of tDCs, 

although reports are contradictory. Thus, despite increasing 

knowledge about tDCs, a reliable marker remains elusive. 

 

While attempting to identify potential markers of tDCs, we 

analyzed the gene expression profiles of different DC subsets 

[18]. Currently, we are attempting to correlate gene expression 

profiles with the function of these DC subsets. However, it is 

difficult to identify specific markers that regulate DC function. 

This review describes the distinct characteristics of tDCs and 

their roles in several diseases. 
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DCs Play a Central Role in Inducing Anti-

Tumor Immune Responses  
 

DCs play a key role in generating anti-tumor immune responses 

by presenting antigens to naïve T cells and inducing their 

differentiation into effector T cells (type 1 T helper (Th1) cells 

and cytotoxic T lymphocytes (CTL)). Presentation of antigen to 

T cells by DCs regulates anti-tumor immune responses through 

the immunological synapse by inducing different types of 

signals. DCs present antigens to naïve T cells expressing the 

major histocompatibility complex (MHC): T cell receptor 

complex (signal 1) and co-stimulatory molecules (signal 2). 

Activation of both signals induces activation and expansion of 

antigen-specific T cells [19–21]. DCs also produce additional 

signaling molecules (signal 3), which modify the different types 

of immune responses [22]. By signaling through the 

immunological synapse, DCs modulate differentiation of T cells 

that play a central role in adaptive immune responses. In 

addition, DCs are important activators of natural killer (NK) 

cells, which may play a critical role in eliminating virus-infected 

cells. DCs secrete IL-12, which activates NK cells; thus, DCs 

are critical for early anti-tumor immune responses. 

 

Earlier studies report that mDCs produce high levels of pro-

inflammatory cytokines, such as IL-12, IL-1β, IL-6, and tumor 

necrosis factor (TNF)-α, and that they express high levels of cell 

surface molecules such as MHC class II, CD40, and 

CD80/CD86. These cells play a crucial role in active 

immunotherapy by stimulating T cells. Despite the finding that 

previous use of immunotherapies, such as immune checkpoint 

inhibitors, and/or antibodies specific for anti-inflammatory 

molecules, provides objective survival benefits for patients, 

some of these treatments can have serious adverse effects related 

to excessive immune activation [23]. Combination 

immunotherapy with DC vaccines intensifies specific anti-tumor 

responses by increasing the CD4
+
 to CD8

+
 T cell ratio [5–7]. 

Although DC vaccines can induce effective anti-tumor 

responses, clinical results have not lived up to those observed in 

in vitro experiments and animal models. Dendritic cells also play 

a central role in embryo implantation by inducing maturation of 
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uterine NK cells, tissue remodeling, and angiogenesis [24,25]. 

However, dysregulation of the balance between various DC 

subsets may disturb immune homeostasis, leading to infertility. 

During a normal pregnancy, maternal immunity maintains 

immune tolerance against the semi-allogeneic fetus. Expression 

of CD80/CD86, HLA-DR, and IL-12p70 by circulating DCs in 

pregnant women are lower than those in non-pregnant women 

[26]. During the early stages of pregnancy, Treg cells in draining 

lymph nodes migrate to the uterus and increase in number, 

resulting in induction of immunological tolerance. Thus, tDCs 

may reduce implantation failure rates by maintaining the balance 

among Th1, Th2, Th17, and Treg cells [27]. 

 

Although mDCs can induce antigen-specific immunogenic 

responses, excessive activation of the immune response leads to 

disorders of immune homeostasis. Other DC subtypes may be 

tolerogenic and therefore be responsible for establishing and 

maintaining immune tolerance. The activities of different DC 

subtypes may depend on their method of generation and/or on 

the presence of immunosuppressive factors. 

 

Tolerogenicity of DCs  
 

Immune cells, such as polymorphonuclear (PMN) leukocytes, 

monocytes, macrophages, and DCs, play key roles in protecting 

the host from aggressive inflammation triggered by pathogens or 

self-antigens [28]. Neutrophils, also known as PMN leukocytes, 

are the most abundant leukocyte in humans and are present in 

large numbers at sites of autoimmune damage. During 

inflammatory responses, neutrophils not only act as effector 

cells through phagocytosis and the production of lytic enzymes, 

reactive oxygen species and inflammatory mediators; but 

interact with other immune cells, such as NK cells, 

macrophages, DCs, T cells and B cells [29,30]. However, under 

low density conditions, neutrophils show immunosuppressive 

activity [31]. Likewise, new evidence has emerged indicating 

that circulating monocytes and tissue-resident macrophages have 

phenotypic and functional heterogeneity. Although 

CD14
+
CD16

+
 monocytes and Ly6C

high
 macrophages promote 

tissue damage and aggravate disease symptoms, in experimental 
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models of inflammation and autoimmune disease, an increased 

frequency of CD14
low

CD16
+
 monocyte and Ly6C

low
 

macrophages has been observed in models responding to therapy 

[32,33]. In addition, some tissue-resident conventional DCs or 

specialized subsets of DCs, such as Langerhans cells (CD207
+
) 

in the skin or CD103
+
 DCs in the mucosa, have critical roles in 

maintaining immune tolerance by increasing the Treg cell 

population and promoting the production of anti-inflammatory 

cytokines [34]. 

 

CD103
+
 DCs, which play a decisive role in maintaining mucosal 

immune homeostasis, possess immunosuppressive activity. 

Epithelial surfaces are continuously exposed to various antigens, 

including dietary materials, commensal bacteria, pathogenic 

viruses, and allergens. Goblet cells, which are specialized 

epithelial cells located in the small intestine, present antigens to 

CD103
+
 DCs, which then transport antigens to naïve T cells in 

Peyer’s patches [11]. Tolerogenicity of CD103
+
 DCs is essential 

for preventing immune responses against harmless materials, 

such as foods and/or commensal bacteria; otherwise, there is a 

real risk of a continuous and excessive immune response. 

Although CD103 is regarded as a marker of tDCs, accurate 

expression patterns and functions remain unclear. Furthermore, 

surface molecules CD80 and CD86 are regarded as markers of 

DC maturation. These co-stimulatory molecules bind to CD28 

and cytotoxic T lymphocyte-associated protein-4 (CTLA-4) 

(CD152) on T lymphocytes, thereby regulating T cell activation 

[35]. Although both CD80 and C86 bind to CD28 and CTLA-4, 

the latter molecules trigger opposing immune responses. Binding 

of CD80 and CD86 to CD28 increases T cell activation by 

promoting differentiation of T cells into IFN-γ-producing type 1 

T helper (Th1) cells and IL-4-producing type 2 helper (Th2) 

cells [36]. By contrast, binding of CD80 and CD86 to CTLA-4, 

which is expressed on Tregs, negatively regulates immune 

responses by removing CD80 and CD86 from DCs, a process 

that inhibits CD28-mediated stimulation of other effector T cells 

[37]. Moreover, DCs exposed to immunosuppressive agents that 

block DC maturation show lower expression of CD80 and CD86 

than mDCs [13]. These findings suggest that CD80 and CD86 
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are potential markers that are specific for different DC subsets; 

however, they are not indicative of DC maturation status. 

 

Studies in animal models of RA, EAM, and AMI, show that 

tDCs exert therapeutic effects [13–15]. Based on previous 

results, clinical trials have been conducted in patients with RA, 

type 1 diabetes, multiple sclerosis and Crohn’s disease [38–40]. 

Although tDC-based immunotherapy has potential, the 

mechanisms underlying its immunomodulatory activity and the 

specific markers expressed by DCs remain unclear. Further 

studies of gene and protein expression are needed to identify 

markers specific for tDCs and to fully understand their functions 

in immune suppression. 

 

DCs Are Responsible for Peripheral Tolerance, 

but This Depends on the Method of Generation 

and/or the Presence of Immunosuppressive 

Agents  
 

To generate imDCs reproducibly, a previous study cultured 

mouse bone marrow-derived monocytes for 8 days in the 

presence of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and IL-4. These imDCs, in turn, were cultured for 24 

to 48 h with specific antigens and inflammatory cytokines to 

generate mDCs. Interestingly, shortening the incubation time to 

about 4 h, generated cells expressing lower levels of CD80 and 

CD86 than fully mature DCs; these “semi-mature” DCs had 

tolerogenic activity [41]. Similarly, treatment of DCs with 

immunosuppressive agents, such as rosiglitazone, resulted in 

downregulation of CD80 and CD86 and generated 

immunotolerant DCs. Rosiglitazone, a ligand of peroxisome 

proliferator-activated receptor-γ (PPAR-γ), suppressed 

activation of extracellular-signal-regulated kinase (Erk) 1/2, 

pp38, and nuclear factor kappa light chain enhancer of activated 

B cells (NF-κB) in DCs, which confirms the tolerogenic activity 

of these cells [13]. In addition to culture conditions, regulating 

signaling pathways responsible for production of 

immunosuppressive factors may also lead to immune tolerance. 
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Human tDCs can be induced from peripheral blood monocytes 

by treatment with GM-CSF and IL-4, together with 

immunosuppressive factors and/or anti-inflammatory cytokines. 

Among the various immunosuppressive factors, vitamin D, 

dexamethasone, and rapamycin have been examined in animal 

disease models and humans. Anti-inflammatory cytokines, such 

as IL-10 and transforming growth factor-β (TGF-β), have also 

been used to induce tDCs [16]. In the presence of these factors 

and cytokines, DCs express lower levels of co-stimulatory 

molecules and MHC class II, and produce higher levels of IL-10 

(which inhibits expression of Th1 cytokines), than mDCs 

[42,43]. 

 

tDCs Induce Naïve T Cells Differentiation into 

Treg Cells  
 

Regulatory T (Treg) cells play key roles in maintaining 

peripheral tolerance, which regulates the development of various 

autoimmune diseases. Treg cells can be classified into two 

groups based on their developmental origin; thymus (tTregs) and 

periphery (pTregs). tTregs, which express Foxp3 and have T-cell 

receptors (TCRs) of relatively high affinity, are predominant in 

the bloodstream and lymph nodes. These cells are mainly 

involved in providing tolerance to autoantigens [44]. pTregs, 

which express Foxp3 induced by IL-2 and TGF- β, are the most 

common in the peripheral tissue and mainly involved in 

peripheral inflammation against exogenous pathogens. Stable 

expression of Foxp3 plays a key role in maintaining the function 

of Tregs [45]. 

 

Herein, we will mainly focus on CD4
+
Foxp3

+
 Treg cells. 

CD4
+
CD25

+
Foxp3

+
 Treg cells maintain immunological 

tolerance to self-antigens by secreting immunosuppressive 

cytokines, thereby suppressing the development and 

proliferation of effector immune cells, such as activated CD4
+
 -T 

and CD8
+
 -T cells. Immunosuppressive cytokines, such as TGF-

β, IL-10, and IL-35, inhibit synthesis of pro-inflammatory 

cytokines and, therefore, expansion of effector T cells [46]. 

Treatment of Th1 cells with TGF-β1 increases production of IL-

10, which inhibits cytokine production and reduces the activity 
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of effector T cells. In addition, Treg cells attenuate immune 

responses by modulating activation of immune cells. The 

negative regulator CTLA-4 is the best characterized membrane-

associated molecule expressed by Treg cells. Treg-derived 

CTLA-4 induces production of IDO and suppresses activation of 

APCs by binding to CD80 and CD86 [47]. Although Treg cells 

are essential for maintaining immune homeostasis, these cells 

also promote immune escape from anti-tumor therapies, and 

accelerate tumor progression [48]. Tregs in the tumor 

microenvironment show high expression of programmed death 

receptor-1 (PD-1), an immune checkpoint that promotes 

apoptosis of activated T cells [49]. Thus, the anti-tumor immune 

responses resulting from depletion or functional suppression of 

Tregs are enhanced when combined with immune checkpoint 

inhibitors, or anti-CD25 agents [50,51]. Because Treg cells 

suppress anti-tumor responses, appropriate regulation is 

important for successful anti-tumor therapy. By contrast, Treg 

cells are effective as a treatment for autoimmune and 

inflammatory diseases [52–54]. Our previous studies confirmed 

that antigen-specific Treg cells effectively ameliorate 

inflammation in mouse models of EAM, collagen-induced 

arthritis (CIA), and myocardial infarction (MI) [13–15]. In 

addition, clinical trials show that injection of autologous tDCs, 

along with pharmacologic drugs, not only inhibits activation of 

effector T cells and increases Treg cell populations, but also 

regulates expression of co-stimulatory molecules. These Tregs 

are derived from naïve T cells through the action of tDCs, 

indicating that tDCs are involved in regulating immune 

responses. In autoimmune diseases, tDCs boost the properties of 

Tregs by shifting them from a pathogenic to a suppressive 

phenotype [55,56]. Although Tregs control systemic immune 

responses, we found that pulsing DCs with specific antigen 

increases the number of antigen-specific Tregs, suggesting that 

regulating the systemic immune responses of patients may 

increase the risk of pathogen infection [13–15]. Conversely, 

antigen-specific Treg cells may be important for treating 

autoimmune diseases. 
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Identifying Reliable Markers of tDCs Is 

Important  
 

Suboptimal maturation and tolerogenicity of DCs may 

contribute to limited clinical efficacy. Despite tDCs having 

immunosuppressive properties, markers specific for 

immunosuppressive tDCs have yet to be identified; although 

surface molecules, anti-inflammatory cytokines, IDO, and some 

other molecules have been suggested. Overall, tDCs express 

relatively lower levels of MHC class II and co-stimulatory 

molecules than mDCs. Additionally, tDCs show high expression 

of anti-inflammatory molecules (e.g., IL-4, IL-10, and TGF-β), 

and lower expression of pro-inflammatory molecules, than 

mDCs. Moreover, immunosuppressive cells and the tumor 

microenvironment show high expression of IDO. IDO induces 

immunosuppressive activity in cells by reducing their tryptophan 

concentration and producing immunomodulatory tryptophan 

metabolites [57]. This process inhibits T cell proliferation and 

activates mature Treg cells [58]. Recently, the complement 

subunit C1q was identified as a marker of tDCs. C1q suppresses 

activation of CD4+ T cells by increasing IL-10 secretion [59], 

and it inhibits differentiation and activation of DCs [60]. 

Although there are many candidate molecules that may be 

specific markers of tDCs, no dependable marker has emerged. 

Microarray analysis of functionally classified tDCs and mDCs, 

shows differences in the gene expression profiles of these DC 

subsets [18]. Currently, we are investigating the gene expression 

profiles and functions of different DC subsets, and assessing 

whether the therapeutic effects observed in mouse disease 

models correlate with those in human autoimmune diseases. 

Other important topics include the effect of selected markers on 

disease activity, as well as the effects of tDCs on the immune 

system in general. 

 

tDCs Have Therapeutic Effects in Autoimmune 

and Inflammatory Diseases  
 

While the normal immune system specifically recognizes and 

removes foreign pathogens to protect the host against infection, 
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sometimes it causes autoimmune disease by mistakenly 

recognizing itself as an invader and attacking the host’s healthy 

cells and tissues. Historically, autoimmune disease has been 

regarded as an abnormal response. However, many studies have 

reported that autoimmune disease is a normal phenomenon, with 

self-reactive antibodies and cells present in all normal 

individuals [61]. During T cell development, T cell precursors 

differentiate into CD4
+
 and CD8

+
 T cells in the cortex of the 

thymus. These cells undergo a selection process in the thymus to 

ensure that TCRs lose their ability to recognize MHC molecules 

presenting its own antigens, or rather it has moderate affinity; 

this process is referred to as positive selection or MHC 

restriction [62–64]. Selected CD4 and CD8 T cells migrate into 

the medulla, and then autoreactive T cells are removed by 

interacting with APCs; this process is referred to as negative 

selection [65]. If autoreactive immune cells are not properly 

eliminated through these processes, autoimmunity may occur. 

Self-reactive immune responses are often induced in the process 

of mounting an immune response to foreign antigens [61]. About 

3–5% of the world’s population is influenced by one of more 

than 80 different autoimmune diseases, with type 1 diabetes, 

multiple sclerosis, RA, systemic lupus erythematosus and 

Crohn’s disease being the most common of these conditions. 

The incidence and prevalence of autoimmune disease differ 

according to age, gender, ethnicity and geographical region. 

Over the past decade, the development of evidence-based 

technologies in molecular immunology and clinical laboratory 

testing have led to significant advances in diagnosis, disease 

classification, and prognosis [66]. The development of 

autoimmune disease depends on the properties of genes and 

environmental factors. Some genes affect the overall response of 

the immune system, so individuals are more susceptible to 

various types of autoimmune diseases. The signals from the 

environment affect the overall response of the immune system, 

the antigen-specific response, and the state of potential target 

tissues, influencing the development of autoimmunity. Various 

factors have been suspected to trigger autoimmunity, such as 

hormones, nutrition, pharmaceutical drugs, and toxins [61,67]. 

Most autoimmune diseases are more prevalent in women than in 

men. Sex hormones, such as estrogens and androgens, directly 
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regulate the proliferation and activation of immune cells via 

surface receptors or intracellular receptors. Men often 

experience an aggressive inflammatory reaction, whereas 

women usually show greater antibody responses. The gender 

bias in autoimmune disease has attracted considerable attention, 

but the basis for this bias is not currently known [68]. 

 

Antibody therapy attenuates symptoms of autoimmune diseases, 

temporarily blocking specific molecules expressed by effector 

cells, and/or by regulating T cell developmental pathways 

[69,70]. Many therapeutic antibodies have provided a 

breakthrough for treatment of autoimmune disease [71]. Anti-

CD25, anti-IL-2Rα, anti-CD52, anti-CD20, anti-IL-6R, and anti-

TNF antibodies have been approved for clinical use against 

autoimmune diseases, such as multiple sclerosis, RA, and 

Chron’s disease [72]. However, although antibodies show 

therapeutic efficiency, they do not alter gene or protein 

expression. The therapeutic efficacy of tDCs was demonstrated 

in clinical trials of autoimmune diseases, such as RA, type 1 

diabetes, multiple sclerosis, and Crohn’s disease. Administration 

of tDCs induces functional tolerogenic efficacy, as demonstrated 

by a decrease in effector T cell numbers and pro-inflammatory 

cytokine production, and an increase in the Treg cell populations 

[16]. Higher numbers of Tregs suppress the activation of CD4
+
- 

and CD8
+
-effector T cells by suppressing TCR-mediated NFAT 

and NF-κB signaling, producing anti-inflammatory cytokines, 

and reducing production of IL-2. In addition, maintaining 

immune tolerance in the uterus is necessary for a successful 

pregnancy; indeed, disruption of maternal tolerance is implicated 

in infertility [26,27]. Thus, establishing proper immune 

homeostasis could be a new goal for infertility treatments. At 

present, however, we lack detailed knowledge about the 

association between DCs and infertility. Despite a number of 

successes, the major challenge facing tDC-based 

immunotherapy is to optimize the protocol to obtain functionally 

stable tDCs. Currently on-going clinical trials of tDCs are 

focusing on standardization of methods used to generate tDCs ex 

vivo. Moreover, optimization of the dose, injection route, and 

frequency of administration, is necessary for successful 

application of tDCs. 
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Conclusions  
 

DCs play a key role in inducing T cell-mediated immune 

responses; indeed, the maturation status of DCs is a critical 

determinant of their functional capacity. mDCs play a central 

role in promoting anti-tumor immune responses by increasing 

tumor-specific effector T cell populations. DCs are also 

important activators of NK cells, which may play a critical role 

in eliminating virus-infected cells. Although the number of 

immunogenic cells determines the tumor-specific immune 

response; the immunosuppressive cells and molecules produced 

by tumor cells, establish immune tolerance in the tumor 

microenvironment. The combination of DC-based 

immunotherapy with other tumor therapies, such as immune 

checkpoint inhibitors and/or immune suppressive molecule-

specific antibodies, may overcome the limitations of cell therapy 

and increase their safety. 

 

By contrast, tDCs are essential attenuators of destructive 

immune responses against harmless commensal bacteria and 

food components. Additionally, tDCs drive differentiation of 

native T cells to Treg cells, thereby preventing excessive 

activation of immune responses. Thus, the tolerogenicity of 

tDCs plays a central role in establishing and maintaining 

immune homeostasis. However, tDCs may also be effective in 

the treatment for autoimmune diseases, including rare diseases 

for which no treatment is currently available. Successful 

treatment with tDCs may require presentation of a specific 

antigen, leading to generation of antigen-specific Tregs that can 

suppress autoimmune responses. In addition, optimization of 

protocol design is required to obtain a number of stable tDCs. 

 

Taken together, the findings presented in this review suggest that 

tDCs are essential regulators of immune responses. tDC-based 

immunotherapy for autoimmune and inflammatory diseases has 

potential as a novel therapeutic strategy for the future (Figure 1). 
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Figure 1: Functional overview of DCs. Generation and therapeutic effects of 

Treg cells and T helper cells. Abbreviations: imDC (immature DC); I.F. 

(immunosuppressive factor); Ag (antigen); LPS (lipopolysaccharide); NF-κB 

(nuclear factor kappa-light-chain-enhancer of activated B cells); PPAR-γ 

(peroxisome proliferator-activated receptor gamma); tDC (tolerogenic DC); 

mDC (fully-matured DC); IDO (indoleamine 2,3-dioxygenase); CTLA-4 

(cytotoxic T-lymphocyte-associated protein 4); MHC II (major 

histocompatibility complex class II); TCR (T-cell receptor); Treg (T regulatory 

cell); Teff (effector T cell); Foxp3 (forkhead box P3); TGF-β (tumor growth 

factor-β). 

 

 

 

 

 

 

 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

16                                                                                www.videleaf.com 

References  
 

1. Vyas JM. The dendritic cell: The general of the army. 

Virulence. 2012; 3: 601–602. 

2. Merad M, Manz MG. Dendritic cell homeostasis. Blood. 

2009; 113: 3418–3427. 

3. Steinman RM. Linking innate to adaptive immunity through 

dendritic cells. Novartis Found Symp. 2006; 279: 101–109. 

4. Sabado RL, Balan S, Bhardwaj N. Dendritic cell-based 

immunotherapy. Cell Res. 2017; 27: 74–95. 

5. Garg AD, Coulie PG, van den Eynde BJ, Agostinis P. 

Integrating next-generation dendritic cell vaccines into the 

current cancer immunotherapy landscape. Trends Immunol. 

2017; 38: 577–593. 

6. Guermonprez P, Valladeau J, Zitvogel L, Thery C, 

Amigorena S. Antigen presentation and T cell stimulation by 

dendritic cells. Annu. Rev. Immunol. 2002; 20: 621–667. 

7. Palucka K, Banchereau J. Dendritic-cell-based therapeutic 

cancer vaccines. Immunity. 2013; 39: 38–48. 

8. Garcia M, Singh A, Yu G, Bucayu R, Longbottom T, et al. 

CCR9+ and CD103+ tolerogenic dendritic cell populations 

in food allergy patients undergoing oral immunotherapy. 

Clin. Transl. Allergy. 2011; 51. 

9. Malmström V, Shipton D, Singh B, Al-Shamkhani A, 

Puklavec MJ, et al. CD134L expression on dendritic cells in 

the mesenteric lymph nodes drives colitis in T cell-restored 

SCID mice. J. Immunol. 2001; 166: 6972–6981. 

10. Hart AL, Al-Hassi HO, Rigby RJ, Bell SJ, Emmanuel AV, 

et al. Characteristics of intestinal dendritic cells in 

inflammatory bowel diseases. Gastroenterology. 2005; 129: 

50–65. 

11. Ruane DT, Lavelle EC. The role of CD103+ dendritic cells 

in the intestinal mucosal immune system. Front. Immunol. 

2011; 2: 25. 

12. Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-

Shaikh B, et al. Differential activity of IL-12 and IL-23 in 

mucosal and systemic innate immune pathology. Immunity. 

2006; 25: 309–318. 

13. Byun SH, Lee JH, Jung NC, Choi HJ, Song JY, et al. 

Rosiglitazone-mediated dendritic cells ameliorate collagen-



Prime Archives in Molecular Sciences: 2
nd

 Edition 

17                                                                                www.videleaf.com 

induced arthritis in mice. Biochem. Pharmcol. 2016; 115: 

85–93. 

14. Lee JH, Kim TH, Park HE, Lee EG, Jung NC, et al. Myosin-

primed tolerogenic dendritic cells ameliorate experimental 

autoimmune myocarditis. Cardiovasc. Res. 2014; 101: 203–

210. 

15. Choo EH, Lee JH, Park EH, Park HE, Jung NC, et al. 

Infarcted myocardium-primed dendritic cells improve 

remodeling and cardiac function after myocardial infarction 

by modulating the regulatory T cell and macrophage 

polarization. Circulation. 2017; 135: 1444–1457. 

16. Kim SH, Jung HH, Lee CK. Generation, Characteristics and 

Clinical Trials of Ex Vivo Generated Tolerogenic Dendritic 

cells. Yonsei Med. J. 2018; 59: 807–815. 

17. Hasegawa H, Matsumoto T. Mechanisms of tolerance 

induction by dendritic cells in vivo. Front Immunol. 2018; 9: 

350. 

18. Lee EG, Jung NC, Lee JH, Song JY, Ryu SY, et al. 

Tolerogenic dendritic cells show gene expression profiles 

that are different from those of immunogenic dendritic cells 

in DBA/1 mice. Autoimmunity. 2016; 49: 90–101. 

19. Banchereau J, Steinman RM. Dendritic cells and the control 

of immunity. Nature. 1998; 392: 245–252. 

20. Schuler G, Schuler-Thurner B, Steinman RM. The use of 

dendritic cells in cancer immunotherapy. Curr. Opin. 

Immunol. 2003; 15: 138–147. 

21. Schuler G, Steinman RM. Dendritic cells as adjuvants for 

immune-mediated resistance to tumors. J. Exp. Med. 1997; 

186: 1183–1187. 

22. Kaliński P, Hilkens CM, Wierenga EA, Kapsenberg ML. T-

cell priming by type-1 and type-2 polarized dendritic cells: 

The concept of a third signal. Immunol. Today. 1999; 20: 

561–567. 

23. Gerson JN, Ramamurthy C, Borghaei H. Managing adverse 

effects of immunotherapy. Clin. Adv. Hematol. Oncol. 

2018; 16: 364–374. 

24. Plaks V, Birnberg T, Berkutzki T, Sela S, BenYashar A, et 

al. Uterine DCs are crucial for decidua formation during 

embryo implantation in mice. J. Clin. Invest. 2008; 118: 

3954–3965. 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

18                                                                                www.videleaf.com 

25. Krey G, Frank P, Shaikly V, Barrientos G, Cordo-Russo R, 

et al. In vivo dendritic cell depletion reduces breeding 

efficiency, affecting implantation and early placental 

development in mice. J. Mol. Med. 2008; 86: 999–1011. 

26. Panel V, Bachya DJ, Williamsb M, Ibrahim AA. Altered 

dendritic cell function in normal pregnancy. J. Reprod. 

Immunol. 2008; 78: 11–21. 

27. Shigeru S, Akitoshi N, Tomoko S, Mika I. Th1/Th2/Th17 

and regulatory T-cell paradigm in pregnancy. Am. J. 

Reprod. Immunol. 2010; 63: 601–610. 

28. Amodio G, Cichy J, Conde P, Matteoli G, Moreau A, et al. 

Role of myeloid regulatory cells (MRCs) in maintaining 

tissue homeostasis and promoting tolerance in 

autoimmunity, inflammatory disease and transplantation. 

Cancer Immunol. Immunother. 2019; 68: 661–672. 

29. Majewski P, Majchrzak-Gorecka M, Grygier B, 

Skrzeczynska-Moncznik J, Osiecka O, et al. Inhibitors of 

serine proteases in regulating the production and function of 

neutrophil extracellular traps. Front. Immunol. 2016; 7: 261. 

30. Vono M, Lin A, Norrby-Teglund A, Koup RA, Liang F, et 

al. Neutrophils acquire the capacity for antigen presentation 

to memory CD4(+) T cells in vitro and ex vivo. Blood. 

2017; 129: 1991–2001. 

31. Carmona-Rivera C, Kaplan MJ. Low-density granulocytes: 

A distinct class of neutrophils in systemic autoimmunity. 

Semin. Immunopathol. 2013; 35: 455–463. 

32. Morell M, Varela N, Maranon C. Myeloid populations in 

systemic autoimmune diseases. Clin. Rev. Allergy Immunol. 

2017; 53: 198–218. 

33. Amoruso A, Sola D, Rossi L, Obeng JA, Fresu LG, et al. 

Relation among anti-rheumatic drug therapy, 

CD14(+)CD16(+) blood monocytes and disease activity 

markers (DAS28 and US7 scores) in rheumatoid arthritis: A 

pilot study. Pharmacol. Res. 2016; 107: 308–314. 

34. Amodio G, Gregori S. Dendritic cells: A doubleedge sword 

in autoimmune responses. Front. Immunol. 2012; 3: 233. 

35. Greene JL, Leytze GM, Emswiler J, Peach R, Bajorath J, et 

al. Covalent Dimerization of CD28/CTLA-4 and 

Oligomerization of CD80/CD86 Regulate T Cell 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

19                                                                                www.videleaf.com 

Costimulatory Interactions. J. Biol. Chem. 1996; 271: 

26762–26771. 

36. Rudulier CD, McKinstry KK, Al-Yassin GA, Kroeger DR, 

Bretscher PA. The number of responding CD4 T cells and 

the dose of antigen conjointly determine the TH1/TH2 

phenotype by modulating B7/CD28 interactions. J. 

Immunol. 2014; 192: 5140–5150. 

37. Lucy SKW. Treg and CTLA-4: Two intertwining pathways 

to immune tolerance. J. Autoimmun. 2013; 45: 49–57. 

38. Giannoukakis N, Phillips B, Finegold D, Harnaha J, Trucco 

M. Phase I (safety) study of autologous tolerogenic dendritic 

cells in type 1 diabetic patients. Diabetes Care. 2011; 34: 

2026–2032. 

39. Harry RA, Anderson AE, Isaacs JD, Hilkens CM. 

Generation and characterisation of therapeutic tolerogenic 

dendritic cells for rheumatoid arthritis. Ann. Rheum. Dis. 

2010; 69: 2042–2050. 

40. Schreiner B, Mitsdoerffer M, Kieseier BC, Chen L, Hartung 

HP, et al. Interferon-beta enhances monocyte and dendritic 

cell expression of B7-H1 (PD-L1), a strong inhibitor of 

autologous T-cell activation: Relevance for the immune 

modulatory effect in multiple sclerosis. J. Neuroimmunol. 

2004; 155: 172–182. 

41. Lim DS, Kang MS, Jeong JA, Bae YS. Semi-mature DC are 

immunogenic and not tolerogenic when inoculated at a high 

dose in collagen-induced arthritis mice. Eur. J. Immunol. 

2009; 39: 1334–1343. 

42. Torres-Aguilar H, Aguilar-Ruiz SR, González-Pérez G, 

Munguía R, Bajaña S, et al. Tolerogenic dendritic cells 

generated with different immunosuppressive cytokines 

induce antigen-specific anergy and regulatory properties in 

memory CD4+ T cells. J. Immunol. 2010; 184: 1765–1775. 

43. Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia 

M, et al. Differentiation of type 1 T regulatory cells (Tr1) by 

tolerogenic DC-10 requires the IL-10-dependent ILT4/HLA-

G pathway. Blood. 2010; 116: 935–944. 

44. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory 

T cells and immune tolerance. Cell. 2008; 133: 775–787. 

45. Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA. IL-2 is 

essential for TGF-beta to convert naive CD4+CD25- cells to 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

20                                                                                www.videleaf.com 

CD25+Foxp3+ regulatory T cells and for expansion of these 

cells. J. Immunol. 2007; 178: 2018–2027. 

46. Chen ML, Pittet MJ, Gorelik L, Flavell RA, Weissleder R, et 

al. Regulatory T cells suppress tumor-specific CD8 T cell 

cytotoxicity through TGF-β signals in vivo. PNAS. 2005; 

102: 419–424. 

47. Shalev I, Schmelzle M, Robsonb SC, Levy G. Making sense 

of regulatory T cell suppressive function. Semin. Immunol. 

2011; 23: 282–292. 

48. Facciabene A, Motz GT, Coukos G. T-regulatory cells: Key 

players in tumor immune escape and angiogenesis. Cancer 

Res. 2012; 72: 2162–2171. 

49. Prendergast GC. Immune escape as a fundamental trait of 

cancer: Focus on IDO. Oncogene. 2008; 27: 3889–3900. 

50. Gianchecchi E, Fierabracci A. Inhibitory Receptors and 

Pathways of Lymphocytes: The Role of PD-1 in Treg 

Development and Their Involvement in Autoimmunity 

Onset and Cancer Progression. Front. Immunol. 2018; 9: 

2374. 

51. Dannull J, Su Z, Rizzieri D, Yang BK, Coleman D, et al. 

Enhancement of vaccine-mediated antitumor immunity in 

cancer patients after depletion of regulatory T cells. J. Clin. 

Invest. 2005; 115: 3623–3633. 

52. Taylor NA, Vick SC, Iglesia MD, Brickey WJ, Midkiff BR, 

et al. Treg depletion potentiates checkpoint inhibition in 

claudin-low breast cancer. J. Clin. Invest. 2017; 127: 3472–

3483. 

53. Cvetanovich GL, Hafler DA. Human Regulatory T Cells in 

Autoimmune Diseases. Curr. Opin. Immunol. 2010; 22: 

753–760. 

54. Afzali B, Lombardi G, Lechler RI, Lord GM. The role of T 

helper 17 (Th17) and regulatory T cells (Treg) in human 

organ transplantation and autoimmune disease. Clin. Exp. 

Immunol. 2007; 148: 32–46. 

55. Kitz A, de Marcken M, Gautron A, Mitrovic M, Hafler DA, 

Dominguez-Villar, M. AKT isoforms modulate Th1-like 

Treg generation and function in human autoimmune disease. 

EMBO Rep. 2016; 17: 1169–1183. 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

21                                                                                www.videleaf.com 

56. Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: A jack 

of all trades, master of regulation. Nat. Immunol. 2008; 9: 

239–244. 

57. Matteoli G, Mazzini E, Iliev ID, Mileti E, Fallarino F, et al. 

Gut CD103+ dendritic cells express indoleamine 2,3-

dioxygenase which influences T regulatory/T effector cell 

balance and oral tolerance induction. Gut. 2009; 59: 595–

604. 

58. Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ 

dendritic cells: Master regulators of tolerance? Trends 

Immunol. 2011; 32: 412–419. 

59. Mascarell L, Airouche S, Berjont N, Gary C, Gueguen C, et 

al. The regulatory dendritic cell marker C1q is a potent 

inhibitor of allergic inflammation. Mucosal. Immunol. 2017; 

10: 695–704. 

60. Son M, Santiago-Schwarz F, Al-Abed Y, Diamond B. C1q 

limits dendritic cell differentiation and activation by 

engaging LAIR-1. Proc. Natl. Acad. Sci. USA. 2012; 109: 

E3160–E3167. 

61. Fairweather D, Root‐Bernstein R. Autoimmune Disease: 

Mechanisms. In Els. Hoboken: John Wiley & Sons, Ltd. 

2015. 

62. Takada K, Takahama Y. Positive-selection-inducing self-

peptides displayed by cortical thymic epithelial cells. Adv. 

Immunol. 2015; 125: 87–110. 

63. Anderson G, Takahama Y. Thymic epithelial cells: Working 

class heroes for T cell development and repertoire selection. 

Trends Immunol. 2012; 33: 256–263. 

64. Takahama Y, Takada K, Murata S, Tanaka K. β5t-

containing thymoproteasome: Specific expression in thymic 

cortical epithelial cells and role in positive selection of 

CD8+ T cells. Curr. Opin. Immunol. 2012; 24: 92–98. 

65. Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and 

negative selection of the T cell repertoire: What thymocytes 

see (and don't see). Nat. Rev. Immunol. 2014; 14: 377–391. 

66. Wang L, Wang FS, Gershwin ME. Human autoimmune 

diseases: A comprehensive update. J. Intern. Med. 2015; 

278: 369–395. 

67. Marrack P, Kappler J, Kotzin BL. Autoimmune disease: 

Why and where it occurs. Nat. Med. 2001; 7: 899–905. 



Prime Archives in Molecular Sciences: 2
nd

 Edition 

22                                                                                www.videleaf.com 

68. Fairweather D, Petri MA, Coronado MJ, Cooper LT. 

Autoimmune heart disease: Role of sex hormones and 

autoantibodies in disease pathogenesis. Expert Rev. Clin. 

Immunol. 2012; 8: 269–284. 

69. Kuchroo VK, Das MP, Brown JA, Ranger AM, Zamvil SS, 

et al. B7-1 and B7-2 Costimulatory Molecules Activate 

Differentially the Thl/Th2 Developmental Pathways: 

Application to Autoimmune Disease Therapy. Cell. 1996; 

80: 707–718. 

70. Sun Y, Chen HM, Subudhi SK, Chen J, Koka R, et al. 

Costimulatory molecule-targeted antibody therapy of a 

spontaneous autoimmune disease. Nat. Med. 2002; 8: 1405–

1413. 

71. Yasunaga M. Antibody therapeutics and immunoregulation 

in cancer and autoimmune disease. Semin. Cancer Biol. 

2020; 64: 1–12. 

72. Bonam SR, Wang F, Muller S. Autophagy: A new concept 

in autoimmunity regulation and a novel therapeutic option. 

J. Autoimmun. 2018; 94: 16–32. 


